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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECHENICAL NOTE NO, 872 . ' .

TORSION TEST OF A MONOGOQUE BOX - ' R

By Samuel Levy, Albert E, McPherson, and

A monocogue box of aluminum alloy was subjected to
torques applied at the ends.. The twist; the strain in
the stringers, plate, and corner posts; snd the buckling

Walter Ramberg T S

SUMMARY

load were measured. The twist was found to be 20 to 50 =

"pPercent less than that given by Bredt's theory for the
torsion of a thin-walled box without reinforcements and
the shear stress in the shear web, about 18 percent
greater. -’ :

In order to obtain closer agreement between theoret-
ical and experimental results, an analysls was developed  _
for the twisting of a monocoque box reinforced by string-

ers, corner posts, and bulkheads. The measured twist

agreed within 10 percent with this analysis. The measured
and theoretical values for the strains and dbuckling load
agreed within the error of observation.

As a part of an investigation for the NACA on mono-

' INTRODUGTION. Co Lo

coque boxes, there was described in reference 1 results o
of compression tests. Torsion tests of the same specimen L
are reported in this paper. The torsion tests are de-

signed to give information on the following points:

1.

The agreement hetween the measured twist in a
reinforced box and the theoretical twist for
a simplified box without reinforcements given -
by R, Bredt (reference 2, p. 270)

The effect of buckling on the torsional stiff-
ness
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3. The magnitude of the shearing stresses and of
the induced stresses due to bending

4, The variation in twisgt of the bOx with distance
from the ends

5., The effect of the longitudinals and bulkheads
on the stiffness of the box

SPECIMEN

The dimensions of the monocoaue-box specimen gre
given in figure 1, The box was fabricated from 2485-T o
aluminum galloy; O0,075-inch sheet was used for the shear-—
web sides, and 0,026~inch sheet reinforced by Z-stringers,
spaced 4 inches on centers, was used for the top and the
bottom sides of the box. The stringers were fastened ta
the sheet by 1/8-inch brazier-head rivets, spaced 7/8 inch
on centers. There were four intermediate bulkheads and
antiroll members, spaced at 19 inches,.

Particular care was btaken in treinforcing the ends of
the box to avold concentration of the stresses on parbtic-
ular portions of the box. The reinforcements, conslsting.
of steel angles and plates, are shown in figuree 1, 2, and
3, Figure 3 alsc shows the construction of the bulkheads..

Tengile and compressive stress—-strain curves of mate-~
rial from the corner posts, the stringers, and the sheet
used in assembling the monocogue box are glven in refer-
ence 1. Young's modulus and the yield strength, obtalned
from the stress~strain curves by the 0, 002-of£set method,
are llsted in table I.

TEST PROCEDURE

Figure 4 dhows the monocoqué-box specimen A mounted
for a torsion test in a large-lathe, The following pro-
cedure was used in mounting the specimen; First the
specimen was centered in the lathe. Then one sgteel end
plate was rigidly clamped on the face plate B of- the
lathe while the other was supported on the dead cenfter in
the tailstock by a ball bearing. Thig ball bearing was
a single-row type that permitted slight rocking of the
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inner race. A gleeve was pressed on the dead center and
ground to fit the inner race hole with a elearance of
0.005 inch in order to permit longitudinal motion.

Torque was applied to the specimen by the Jack G
acting on the lever D. The torgque thus applied was re-
sisted by a stop placed between a face-plate Jaw and the
lathe bed. The force exerted by the jack was measured
with a weighing scale B of 2000-pound capacity. The

force from the jack was balanced by the reaction 6f the ~ 7~

ball bearing on the dead center of the lathe. Except for
a negligibly small frictional torque, the specimen was
therefore subjected to a pure torque equal t9 the product
of the force applied by the jack and .the distance between
the point of application of this force and the center line
of the lsthe, A steel ball F was used to position accu-
rately the point of application of the force exesrted by -
the Jack.

The twist in the specimen was measured by gages, one
of which is ldentified as & in figure 4, A close-up of
one of these gages is shown in figure 5, The twist was-
measured as the change in angle between two reflecting
-surfaces H attached to bars I by adjustable joints L.

The bars I were clamped to the specimen at their centers
by light clamps J. The area of contact with the specimen
wae a small ring 1/2 inch in diameter. This ring allowed
attachment of a bar to the specimen aver a rivet head.

The pair of reflecting surfaces H consisted of a 20-mil-
limeter 45° prigm and = piece of plate glass selected for
flatness. The plate glass was treated %o eliminate the
back-surface image, The twist was measured by reading
the changes in angle between the two reflecting surfaces
H with the Tuckerman autogollimator K. The least count
of the autocollimator as used was 0,00001 radian.

The strains in the specimen were measured with

Tuckerman optical strain gages used alone or with suitable'

adapters. The strains in the four. corner posts were meas-
ured over 10-inch gage lengths with 2- inch strain gages
having 8-inch extensions. Other strains on the outstand-

ing.portions of the box were measured by 2-inch strain
gages mounted directly on.the box, while the strains on
the less accessible portions were measursd by a special
transfer of the lever type described in detail in refer-
ence 1. The strain on three gage lines 120° apart was

measured by three 1- inch strain gages mounted on a rogette’

adapter.
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The bduckling of the sheet was observed visually by
suitable illumination., ZErrors due to fluctustion of room
temperature were minimized by conductlng most of the ex-
perimente at night, This procedure was found %0 be nec—
essary in order to measure the small strains in the
stringers and corner posts more agccurately.

RESULTS

The measured twists between bulkheads are plotted in
figure 6, The twist was measured between all bulkheads
by sages on the diagonally opposite lower eagt corner
rost and upper west corner post, The twist was also
measured on the top center stringer between bulkheads 1
and 2. Figure 6 shows that the twist between a pair of

bulkheads was practically independent of the location of _ .

the twist gages; this result indicates that the box
twisted as 2 whole without appreciable distortign of the
cross section. JFigure 6 also shows that the twist was
symmetrical with respect to a transverse plane through
the center orose section of the box. It ig interesting

to note that the measured twiet between bulkheads 1 and 2

and between bulkheads 3 and 4 was consistently higher
than the measured twist at the center of the box between
bulkheads 2 and 3.

The twisting.df.the”box was not uniform along itg.
_length, TFigure 7 shows the variation of ‘twist with posi-
tion elong the box. R The twist was measured over a 19-
inch-gage length except at the ends of the box where the
gage length was necessarily shorter, Figure 7 indicates
that the twistlng wag falrly uniform between the three
center bulkheads of the box, dropped off t0 a lower value
in the iunreinforced portions of the end bays, and in-
cressed considerahly again between the ends of the box and
roints near the eénds. The increase in twist at the ends
of the box is somewhat surprising; the box 1g apparently
less stiff in torsion at the reinforced ends than. at the
center, This condition indicates that the reinforcement,
substantial though it seems (figz. 3), was unadble to trana—
fer the torque uniformly from the end plates to the sheet
as well as to the longitudinal stringers and corner posts.

The maximum shearing stresses at four points in the
center bay are gilven in figure 8, They were computed
from the measured strains on three gage lines intersect-
ing at angles of 120° uging E = 10,6 X 10% pounds per
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square inch and Poisson's ratio = 0,32. In no case did
the direction of the maximum shearing stress computed
from the measured strains differ from the perpendicular
(or parallel) to the axis of the box by more than 1°. It
is evident from figure 8 that the shearing stress in the
gshear web was nearly independent of the position between
bulkheads. It is of interest to observe that the ratio
of the shearing stregs in the shear wedb t¢o the shearing
stress measured in the corner post, approximately 4.5,
ig very -nearly-equal to the inverse ratio of the thick-
nesses,

0.25 + 0.076 _ 4.3
0,075

The longitudinal strains induced in portions of the ~
box by the twisting are given in figures 9 to 11, Figure.
9 shows the strains in the corner posts and in three
stringers midway between bulkheads 3 and 4, figure 10
shows the strains in the corner posts and in three string-
ers about 1 inch north of bulkhead 2, and figure 11 shows.
the variation of strain along one of the stringers and
along an antiroll member. It 1s evident from these fig-
ures that the induced longitudinal strains were very smsall,
the largest "amount being less than 0.00004 corresponding _
to a stress of only 435 pounds per square inch; this value
was about one-sixth the maximum shear stress in the shear
web (fig. 8),

Buckling was observed in the top and bottom cover
plates of the box near the center section at a torque of
40,800 inch-pounds. The charge in 16ad dlstribution due
to the buckling was insufficient to show in the strain
measurements; the only observed effect was a slight in-
crease in twist per unit twisting moment (fig. 6).

SYMBOLS

The symbols used in the analysis are given in figure
12 and are defined as follows

¥ shearing force applied to ends of side of box
M bending moment applied %o ends of side of box

P, shearing forces applied by bulkheads 1 and 4



8,

82

Qo

~

NACA Technical Note No. 872

shearing forces applied by bulkheads 2 and 3

torcue applied to ends of bhox

shearing force per inch along corner of box between
end of box and bulkhead 1 and between bulkhead 4

and other end of box

shearing force per inch along corner of box between
bulkheads 1 and 2 and between bulkheads 3 and 4

shearing force per inch along corner of box between
bulkheads 2 and 3

Young's modulus of elasticity

shear mcdulus of elasticity

area of a gide of box including reinforcements

shear congtant for side of box

moment of inertia, including longitudinal reinforce-
ment by stringers and corner posts, of a gside of
the.box about an axis through center line and
normal to0 plane of.side

shearing étress

wall thickness

160E 7. 3 ky

ar?Ily, + anp<l ) < )
EIANA hotE &tht ay Ay

width of side ' .

length of box

distance from left end of box

.transverse displacement of side in 1ts plane

twist per unit length of box

Subscripts:

t

one pair of sides
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h other pajr of sides
b bending deformations

8 shearing deformations ‘ ] _

ANALYSIS

Bredt'!s Theory

Bredt, in 1898, developed a theory for torsion in

thin tubes which is guoted by Timoshenko on page 270, of o
reference 2, This theory makes use of the membrane anal- L
ogy to calculate the torque resisted by the tube, It L
assumes that the ends of the box are free to warp and .
does .not take account .0f bending stresses or of reinforce-
ments such as bulkheads, On the basis of Bredt's theory
the twist per unit length in the box would be uniform and
given by

_F\
g = T /iﬂ
4a2G¢ /s

where A 1is the area enclosed by the sidses of the box

and J/ﬂ %i ig the integral around the box of the recip-

rocal of the wall thickness. For this box (fig. 1)

6 = 2.3 x 1079 m

Comparison of this formula with the observed twists given
in figure 6 indicates that the box was twisted 20 to 50
percent less than would be indicated by the formula.

The shearing stress T in the shear web is, accord-
ing to Bredt's theory,
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- T = 0.0278T _
2(2a42ap )8y . g .

This value is about 18 percent legs than the measured
values plotted in figure 8.

It is epparent that Bredi!s theory is inadequate in o
describing the torsion of the monocogque box. A more ac-— T
curate description was ¢btained- by -the analysis given in
the following section,.

Torsion of Monocoque Bax with Bulkheads
and Corner Posts

An analysis of the toreion in a monocoque box with
bulkheads and corner posts was derived by treating the o
box as an assembly of four beams with wide webs which are o
joined at the edges and to which transverse forces are - o :
applied at the bulkheads. ’ .

This anslysis differs from similar analyses of box .
beamsg in torsion by Reiggner {(reference 3}, Ebner (refer- \
ence 4}, Williams (references 5 and 6), and Payne (refer- |
ence 7) in taking account of the effect—of the individual ;
bulkheads instead of assuming the section of the box beam
to remain rectangular at all points, as would be done for
an infinite number of bulkheads. Consideratiorn of the :
individual bulkheads seemed advisable in the present canse ;
of bulkhead spacings which are comparable with the trans-
verse dimensions of. the box, in order to compute the ' ST
forces acting on the bulkheads. ;

It followe from the equilibrium of forces and moments
acting on a portion of the side between adjacent bulkheads
(fig. 12) that the longitudinal shear s per unit length -
at the extreme fiber must be cdénstant. At the section x
= constant, where 41/6 < x < }, according to the simple
beam theory.: ' : : .

-

s _
a2yy S = ”

BT i? = - M+ P (1 - x) Zasl (L - x) (1) ’
d.x L. & el B - W . E - . aen

By integration: L
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dy
EI GTE = — Mx + (F - 2as,) (Ix ~ %;) + constant (2)
x

The integration constant may be determined by assuming
rigid clamping of the sides at the end of the box:

a _
x=1, 220
dx
therefore
a
) EIE&=M(I-x)~(1/2) (F - 2as,)(1 - x)° (3)
. x

According to the simple beam theory this slope produces
a longitudinal displacement a(dyb/dx) toward the ends

of the box at one extreme fiber and an equal displacement
away from the end of the box at the opposite extreme
fiver. The condition of continuity of the box requires
these displacements - to be equal at adjoining extreme
fibers!

dy ay :
Yt hb
a = - a > o (4)
t Tax h dx :

%f equation (3) ie substituted inr both sides of equation
4), , , .

% [Mt (1 - x)=(1/2) (Fy - 2a48,)(1 = x)a-]

. ay, : e )P
= -1 ‘:Mh (1 - x) - (1/2)(Fp - 2aps,) (1t - x)](5)

In order for equation (5) to be true for all values of x,

the coefficients of (1 - x) and (1 - x)°® nust equal
zero.

a, M a. M .
o - My, 2n'h o ,  (6)
I In



10 NACA Technical Note No. 872

| aF"aF 2a '2&'3 ST IR
G hh)/(t ) .

h

Between x = <12 and x = il —
5 Co 5 ) '

dgyb

ax®?

EI

= - 2asg _4_7'-x)+F(l.-x)+Pl ﬂ-—x)
5] 5. -

2as; 1

i edialat S ¥} (8)
5 .

Integrating gives

dyy 8as.b . 2as.l  4P.1 - - o . .
EI—y-b—=(- 2. e 2 —M+Fl>x ’
ax 5 5 5 . :

+ (ﬁsg,~ g -l§}> %2 + constant (9)

At x. = %}: the slope given by eguations (3) qn&-(g) is
the game. This value determines the congtant in equation

(9). Substituting for the constant in ecuation (9) its
value glves

dy . _
BI —2 = (asg-E—P_l>x2+<m+éil_l_ o 2a311_8a831>x
Ty Y RN 5

Fi®  8p 1% . 9asyl® | 1Baspl® - L
- - + M1 + 1 + 2 1
z " e M 25 TR - o)

Substituting equation (10) in eguation (4) and equating )
the coefficient of x® %0 zero gives ' '
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Sz = i I I 71

at(?t + Plt) ah(?h + Plh) Zata Zaha
+ + (11)
t h t h

Equating the coef%icient'of x and the'qonstant term to
zero leads 'again to equations (6) and (7).

.o

Similarly,.between =x = %} andlnkh=.%%
a2y ' T _ Booie e - :
b 31 41
EI = - 8t + P(1 - + P, (2L &
ix3 les, (5 x) ( x) 1 (5 x)

. 2asy? Eés 1
Z1 1 2
+ P L6 — - - M
2 (5 x) 5 5 (12)

Integrating and determining the constant go that the slope

at x =u%%.-eQuals'the value given by eauation (10) results
in
ayy 6as 1 2aszl-  2as,l 4P, 1 3P, 1
ElI — = - - - - - + + +
e ( 5 5 5 Mo+ Fl 5 5 )%

P, Pg\ 5 FI® 18P,1%® 9Pz}%®
+ T T - - - + M}
(“3 2" 2 2> * 2 50 50
9asllz 7asala 9&3312 (13)

25 - " g5 t 7 25

Substituting (13) in (4) and equating the coefficient of
x2 to zero gives

’ - | 2 3 -
I, I, . - I Ty
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dayb'
3

The curvature .

0 |«

3 ig zero by symmetry when x =
x : _

e
N

From equation (12) this value gives

Pi . BP,1 . al _ 2ag, i ~ Raggl - asg ! (15)

M= 10 10 5 5 5

In eddition’, theré 4s a deflection bf_the gide due’
to shear in its -plane By the itrsnsverse forces P, P,,

41

and Pp. The slope due to shear befween x = 5 and

x =1 is:
—I8 - x 2 ' (18
ax GA )

where k 4is.a constant depending on the stress distridu-

tion (reference 8). TFor example, a rechbangular section

that 18 free at the ernds has & walue of k = 1.5, while

for the same section when clamped at the ends, k= 1.2,

Between .x = 31/5 ‘and"-x = a1/5, Coo- T
ax GA

" and between X = 21/6 and x = 31/5,

d-y5=kF+P1.+P2

; , (18)
ax . GA

v

The slope of a side. of the box between =x = 41/5
and x = 1l is,from-equations. (3) and (16),

"

&y dyy  Yyg 3 [ 1 T B,k
st M(} - x) - E(F - 2as1){1 - x) ‘]+ = (19)

Integrating this equation gives
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2 ' 3 .
7= or [_;}. (1 - x) +% (F - 2a8;) (1 - %) ]+ %z_:,, constant  (20)

The increase in y Dbetween x = %} and x =1 is
7o
Ay, = ;E%Ef (}5MI3 - F13 + Baslls> + %I % (21)

The box mist maintain its rectangular section at the
reinforced ends and at the bulkheadd. The increase in
transverse displacement of the gsides between end sections
and bulkheads must, therefore, be such as to produce rota-
tion of all four sides through the same angle:

Ay A
A 4 (22)
ah at
Substituting from equation (21) in equation (22)
yields
SR S <?5M 12 = Fe 1%+ 2acs 15>.+ fﬁﬁEL_i. e
75OEItah b b 251 G-A.bah' 5
k.F
1 2 3 3 Hh 1
= —2— (1M1 - ¥ 1%+ 2 z>+—-—-——— (23
760EI ay (5 b b R Gapay O )
; ; = 81 41
The increase in y Dbetween x = 5 and 5 ig, from

equations (10) and (17),
-~ 1 2_ 3 3 3 3 F+ Py
byz= “EoET {15141 7F1® - Py1° + 12as,1 " + 2&321] k2 = (24)

From eguation (22),
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N Ft + P 1k
1 = - 3. a 3\ .. t bXg
‘TSOEI'{; (J-‘-BM-[;I ,—YFtl - Rit}. + 12&1731,1_. + Eathz ) + G"A;"'Gah 5

= ?‘Sm (4514117, - 'Tth.. -Plhl _+12ahsl'b + 2ap8gl >+W 5 (25)
7
The 1ncrease in y between ox =_;}, and,_?& isg, ﬁrom
equations (13) and (lB) R . =
o _ . . ..

) : TS . . K
Ays 750EI (%SMl lQFl 7P1 . Pyl 2484

F+ P, + P, -

+ 12as,1° + 2&3.—$l‘3>.+ i o -51'- (26) ,
— (75Mt'l. - 191!1;1 - YP;L — Pg, 17 2)-Lats11 - E
750&1 ay t t . .. : -
+ 12a4821° + Eatsal'?’)
F'b + Pl + Pg 1k . . [
+ % t YKy <.{5 h7' | -
GAge 5 75‘1EI ha _ o _
3 3 b 3
= 19Fl7 = TPy 1 - Poy 1™+ 2lay 5,1 . )
' Py +Py .+ P
: .. . h 1 2 1;{
5w 73 . 3 - h ¥En . :
+ l2ansal +2ast>+ >
hS2 n83 Ghpay 5 (27) .

Simplifying eguations (23), (25), and (27) by sub-
stituting for sy, 8z, sz, and M their values as given

by equations (7), (21), (24), and (15), respectively, o
glves
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O = 13apFy - 13a¢Py + JayP1y - JatPay + 3aiPay - 3atPay
+ %5%-' [(ktFt)/(Até-ﬂ) - (kpFn)/ (Ahat)] (a42Tp + ap®Iy) (28)
O = 3lapFy ~ 3lagFp + 25ayP1,. = 25a3Py, + JapPs, — JayPay
Rk @! + P ) I @'-+P )
= [ Be\Ft + Pa h(Fn
+ ]i,z%- [ L lh ](atalh + ah21t> (29>
Avap . Apay
0 =

37&1'1Ft - 373-1}'?11 + jlahPl.b - BlatPlh + .138~hP2t e ljatPBh

F.+P, +P Ig (B, + P Pz
4+ 1508 le( (" 3t> - Lh( Wt Y ‘h) 27 2
= . a4 " In+ apnIy (30)
s Agey Apag ]

It will be immaterial whether the corner posts are
apportioned to the moment of inertia Iy or I, since,

in equations (28), (29), and (30), the moment of inertis
enters only in the expression (a4®Ip + ap®Iy), which

does not vary with this apportionment. T,

The torque applied to the ends of the box is glven

T = 2apBy + 2a¢Fy. N €51

Since the torque applied at the bulkheads 1s zero,

0 = 2apPy, + 2atPyy, - (32)

0

2apPe, + RagPay ) . (33)

The six unknown forces Fy, Fy, Plt’ Plh’ Pat’ and
P2y can now be determined by solving simultaneously equa-

tions (28), (29), (80), (31), (82), and (33) with the re-
sult,
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7 Tf2ay (51)
&= 504 + 1600 .+ 13C° 1508k (o1 + ot 2
s 5+ w5 a;"In + ap t)
. 112 + L4OC +. 0% 1PGAia”° :
+
304 +-160C + 13C°  150Ekp 2 5.
: 3+ T3 5 {(an 1y + 24 .Ih>
112 + 400 + C° - 1°GAnag” SN
T/?-a‘b .
= : ST — = . (35)
304 + 160C + 130 N 150Eky, ' 5: '+ ' ZI- )
- &a. a)
) 112 + 50O + O 1°GApag® \o© T GRE
+ _ _
304 + 1600 + 13C° , 1508kt o o
2 ) = (at Ih+ &y I‘l‘v)
112 + 40C + © 1" GAgan _
_ 72 + 18C (at :) :
Py, = ~ = F, - F S 36
't 112 + 400 + G2 \ap 2 t . . - (s8)
" w2 + 180 .. (®h 4. - ) - :
P,. = 2 P, L Fyp ). _ (37)
h 112 + 40C + €2 ‘ag ©  © .
| —24 + 60 (%% - ) S
Py, = A =~ F, - F (38)
2t 11z + 400 + C2 \ap ©° b ‘
P = —-24 + 60 &h p, _ @ ) (ag)
h 115 + 40C +. 02 \ag ~ &~ °B _

i The average twist per unit length in the end Dbays
between x = 41/5 and: x'= 1 is given by

. " \(A _)
6, = — % 8 (40)
. an l
Substituting {f¥om equation (21} gives . R
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- ki F
0, = 1 (ésutzg - Fi 1%+ Zatslla> + —EE (41)
150lapBly GAtap

Substituting for My and s, their values as given by'
equations (15) and (7), respectively, yields

: 2
6, = b (lSath ~ 1l3ay¥y .
300E<at21h 4 ahaIt>
k. F
+ SapPy, - %a4Py, + BapPs, - SatP2h> + EJLj— (42)

Simiilarly, the average twist per unit length in the second

bay between x = 31/5 and x = 41/5 is, from equation
(24},
8, = 12

2 = > (31ath - 3layFy + 25ahP1t

B00E(at®Iy + an-Iy

By +.Plt '(43)

-~ 25atPlh + Qatht - QatP3h> + ki Ghian

and the average twist per unit length in the center bay
between x = 21/5 and x = 31/6 is, from equation (26),

-"8

8, =

-— ——— 37apfy - 37ach + Zlap¥P, '
300E (ay?Iy + ahalt) ( 5: b

Ft + Plt;_+ Pat

- BlagP,, + IZahPat-lzatPah>+ ky (44)

G‘A.t ah
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COMPARISON BETWEEN THEORY AND EXPERIMENT

The gide % of the box (fig. 12) was taken as the
cover plate and included the stiringers; the side h was
taken as the shear web and included the corner posts.
From figure 1, : -

at = 12 inches

ap = B inches

I = 96 inches

I, = 46.0 inchesg®

I = 64.3 inches®

Ay = 1.290 inches?®

Ay = 2.94 inches®

atalh + ahaIt = 10,4lQ.inche=6

The shear constant ki was determined on the basis

that all the cover plate was effective in ﬁraﬁsmitting
shear and that the stringer areas contributed nothing to
the shear resistance:

1,290
0.026 x 24

ktr-‘

The shear constant. kp was determined on the basis

that those parts of the shear wed and the éy?pch rein-
forcing plate lying between the cover plates (less than
5 in. from the-center line) were effective in tranemit-
ting shear and that the rest of the corner post area
contributed nothing to the shear resistance:

2,84
r = s = . 8456
kn 0.075 X 10 + 2 x 0,26 X 1.688 .8

2.083 -
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The elastic properties are, from table I:
E = 10.6 x 10° pounds per .square inch
B = 0,32 = Poigson's ratio

E 6 ol
G = ———=—— = 4,01 x 10 ounds per square inch
2(1 + w) 77 _ pons

The computed constants are

K i
c = 150E (atalh + ah31t><f b+ _Th ) - o31.25
[ atht a"bBAh

150k,

—_— 29.26 -
12Gap>Ag :

il

(atth + ah21t>

1
=
.
[{e]
O

150Ek
12Ga aﬁ a4°In * ahZI*)
Ay

The forces at the ends and at the bulkheads are,
from equations (34) to (39),

Fty = 0.02080 T pounds

Fn = 0.03300 T pounds

Plt = '0;91582 T pounds _ -

Byy = ~0.00660 -7 pounds

Pat = 0,00408 T pounds- -
Pgyp = -0.00170 T pounds

It is interesting to note the rapid dgcréase in the
force applied by the bulkheads in rassing from the ends
toward the center of the box, '
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.The average twists per unit length between bulkheads
are, from eauations (42) to (44},

10661= 0,00105 T radian per inch (end bay between J;:_-L—!'sl'- end x= 1)

-

10°65 = 0.00164 T radian per inch (second bay between x=%_a.ud. x=5r._!_)
L : ' 5

10693= 0.00179 T radisn per inch (center bay between :_:;-257'- and x= -515-7'-)

These twists are compared with the measured twists in fig-
ure 6. The theory gives a consistent increase in twist
per unit length in passing from the ends toward the cen-
ter, while the measurements show about 10 percent less
twist for the center bay than for the two adjacent baye.
(See also fig. 7.) :

The average shearing force per unit depth of center-
bay shear wed is - o

Fh+ P,, +P; : .
h o 0.03300 - 0.00660 - 0,00170 .-
= T__U.?B : 5 x6§ - ,7.1=0.002H7 T pounds per inch

2ay,

Since the forces resisting bending are mostly in the cor-
ner posts, the shearing force should be nearly constant,
except at the corner posts, and the shear stress may be
obtained by dividing the shearing force per ‘inch by the ’
thickness of the wall. On this basis, the stress at the
center of the 0.075~inch shear .web 1is

0.00247 T

0. 078 = 0,0329 T poundg per squa?e ?nph

and for the stress at the inner side of the 0.26-inch re-
inforcing plate .

w oo

0,00247 ; 6_0076 T our;-r‘;f 'uafé inch-
0.250 + 0,075 ) pounds per equare inct
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Thegse stresses are gompared with the measured stresses in
figure 8. The theoretical values agree dlosely wlth the o
measured values, _ o=

-The strain due tb bending in the ‘upper corner post
of the + side or the lower corner post of the h _gids

(fig. 12) is
. 2 . 2
o (d o) L ey (d Yb)
. dx® /4 ax® jy

From equations (8), (15), (11), and (14) with =x-=

-~ -
o~

=~
o

this expression reduces to

apapl , ahfzt+.atPah

: - (- enFy + 8¢Fn = apPag ¥ agPay -~ — =11.71T x 10720
5E{at Ip+ ap It)

and, with x = 891 by use of equations (12), (18), (7),

95
(11), and (14) the expressiop-meduces to

17aganl
190E(a¢”Iy + ap®

- : . S - e e . e
I <ath - at¥h+ anPay ~ atFiy + anPay - a’GPah>= ~ 4.30T10
)

These theoretical values are shown in figures 9 and
10, Theoretical values for the strains in the stringers,
derived on the assumption that the gtrasin due to bending
varies linearly" across the sides of the box, are alsgo :
glven in-figures 9 and 10, The theoretical and observed = _
values are in agreement,

The buckling load of the cover plate was computed
from values for the critical dbuckling stress given in ref-
erence 9. The cover plate was divided by the stringers
and bulkheads into panels having ‘a w1dth to length ratio
of- i%“= 0.21, The thickness of the plate was 0.026 inch .
and the width 4 inches. 'If it is assumed that the string-
ers give simple gsupport, the criticéal bupkling gtress 'is
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Ter (simple gupport) = 2260 pounds per saguare 1inch

If i1t is gssumed that the stringers give clamped support
gnd that the ratic of eritical loads for clamped and sim-
ply supported plates having = width to length ratio of
0.21 is the same as the ratio for infinitely long plates, _

Ter (clamped) = %*%% 2260 = 3790 pounds per sauare inch

The shearing stress at the center of the cover plate
(+ side) is

Ey (Ft + Py, + P, ):-éLgﬁé-(o.ozoeo+ 0.01682 + 0.004oe)m
By t T F2¢ )7 1.290 ,

= 00,0851 T pounds per scuare inch
The ceritical torcues are therefore

2260  _ 34,700 inch-pounds

T 1
(simple support) N

3790
0.06561

T (clamped) = 58,200 inch-pounds

The measured value of the critical torque was 40,800
inch-pounds, a value between the theoretical values corre-
gsponding to clamped and simple support at the stringers.

CONCLUSIONS

The measured twist in the monoccaune box between bulk-
heads 1 and 2 and between bulkheads & and 4 was congietent~
ly higher than the measured twist at the center of the box
between bulkheads 2 and 3., The reinforcement at the ends
of the box, substantial though it seems, was unable %0
transfer the torque uniformly from the end plates to the
sheet as well as to the siringers and corner posts.
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The shear stress in the shear web was independent of
the position between bulkheads within the error of meas- - A
urement. The ratio of measured shearing stress in the —
shear web and in the .corner post was lnversely propor-
. tional to the wall thickness at-the po:nts of measurement.

The measured longitudinal strains were very small,
the largegt. being less- than:0,00004 -corresponding toa o
stress of ornly 425 pounds per-sguare inch; this value was _ -
about one-sixth the maximum measured shearing stress, . -

. Buckling was Observed in.the gover plateg near the

center section of the box at a torque of 40,800 inch-
pounds. This buckling caused only a slight decrease in
the stiffness of the box for higher moments. :

Comparison of the measured twists with Bredt'!s theory
indicates that the box was twisted 20 to 50 percent less
than $hils theory would indicater Comparison of the meas~
,ured ghearing stress with Bredt's theory indicates that
hig theory gives values about 18 percent less than the
megsured values.

. Using an analysis of the torsion in a ménOGOque box
with bulkheads and corner-posts derived by treating the
box as an assembly of four beame with wide webs Jjoined at
the edges and subjected to transverse ' forces at the hulk-
heads, a check of the .measured -twist within 10 pereent o __
was obtained. This analysis also gave theoretical values
of the shearing stresses and ‘longitudinsgl stresses which
agreed closely with the meagured values., E—

- .The obgerved "buckling load of the ¢over sheet was |,
between the computed vaglues for gimple support and . clamped
support at the edgee. . —

Natlonal Bureau of Standards,
Washington, D. C., April 2, 1942
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TABLE I.- MECEANICAL PROFERTIES OF MATERIAL

Tield strength

Young's modulus Tengile | Elongation
Sample offget = 0.2 percent | atrangth in 2 in.
(1v/s8q in.) (1v/sq in.) (1b/sq in.) | (percent)
Tenslon Compregsion | Tension | Compression

Corner angle 10.4 x 10°%| 10.8 x 10° 48,000 42,000 61,600 21
Stringer 2 10.4 10.8 48,300 40,700 63,110 25
Stringer 1 10.4 10.8 48,700 40,500 63,100 25
0.076-in.
shear web 10.56 10.7 83,700 44,000 70,020 20
(longitudinal)
0.026-in. top
and bottom 10.5 10.8 57,100 46,800 73,500 18
plating
(Longitudinal)
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C a.sv‘ Wood's

Figure 2.- Over-all view of monocoque box (end plate rémovedj. .



Figure 3.- End view of monocoque box (end plate removed)}.
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test with strain gages and twist gages

Monocogue box

attached.

Figure 4.

¥



Figure 5.~ Twist-measuring gages on monocoque boX.
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